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The maintenance of mouse embryonic stem cells
(mESCs) requires LIF and serum. However, a plurip-
otent ‘‘ground state,’’ bearing resemblance to preim-
plantation mouse epiblasts, can be established
through dual inhibition (2i) of both prodifferentiation
Mek/Erk and Gsk3/Tcf3 pathways. While Gsk3 inhi-
bition has been attributed to the transcriptional
derepression of Esrrb, the molecular mechanism
mediated by Mek inhibition remains unclear. In this
study, we show that Kru¨ppel-like factor 2 (Klf2) is
phosphorylated by Erk2 and that phospho-Klf2 is
proteosomally degraded. Mek inhibition hence pre-
vents Klf2 protein phosphodegradation to sustain
pluripotency. Indeed, while Klf2-null mESCs can
survive under LIF/Serum, they are not viable under
2i, demonstrating that Klf2 is essential for ground
state pluripotency. Importantly, we also show that
ectopic Klf2 expression can replace Mek inhibition
in mESCs, allowing the culture of Klf2-null mESCs
under Gsk3 inhibition alone. Collectively, our study
defines the Mek/Erk/Klf2 axis that cooperates with
the Gsk3/Tcf3/Esrrb pathway in mediating ground
state pluripotency.
INTRODUCTION
The self-renewing pluripotent state was first captured in mouse
embryonic stem cells (mESCs) over 30 years ago (Evans and
Kaufman, 1981; Martin, 1981). The standard culture of mESCs
requires the presence of Leukemia inhibitory factor (LIF) and
serum to maintain a self-renewing and pluripotent state (Nichols
and Smith, 2011). However, under LIF/Serum culture conditions,
the prodifferentiation Fibroblast growth factor/Mitogen-acti-
vated protein kinase kinase/Extracellular signal-regulated kinase
(Fgf/Mek/Erk) pathway, which initiates lineage commitment864 Cell Stem Cell 14, 864–872, June 5, 2014 ª2014 Elsevier Inc.(Kunath et al., 2007; Stavridis et al., 2007), and the repressive
Gsk3/Tcf3 pathway, which induces mESCs differentiation into
epiblast stem cells (EpiSCs), remain active (ten Berge et al.,
2011; Wray et al., 2011). Interestingly, by using two small mole-
cules, PD0325901 and CHIR99021 (denoted as 2i), to inhibit
Mek and Gsk3 signaling, it was found that mESCs could be
kept pluripotent in the absence of LIF/Serum stimulation (Ying
et al., 2008). Importantly, the use of 2i in place of LIF/Serum
is considered a major advancement for pluripotent stem cell
biology because it enables the successful derivation of ESCs
from previously refractory mouse strains (Blair et al., 2011).
mESCs cultured under 2i exhibit several unique features,
including uniformly high expression of several pluripotency
genes (Wray et al., 2010), reduced expression of lineage-specific
genes with a lower occurrence of bivalent domains (Marks et al.,
2012), and the possession of a genome-wide DNA hypomethy-
lated state similar to the mouse inner cell mass (ICM) (Bagci
and Fisher, 2013). Therefore, mESCs under 2i are proposed
to exist in a distinct ‘‘ground state’’ of pluripotency resembling
the ICM of preimplantation blastocysts (Nichols et al., 2009;
Ying et al., 2008). Given these similar features, investigating
how 2i ground state pluripotency operates should reveal new in-
sights into the molecular design of pluripotency and preimplan-
tation embryogenesis.
How exactly then does the dual inhibition of Fgf/Mek/Erk
and Gsk3/Tcf3 signaling pathways enable ground state pluri-
potency? Analysis of Tcf3 genomic binding sites through chro-
matin immunoprecipitation and high-throughput sequencing
(ChIP-seq) reveals that Gsk3 signaling inhibition alleviates
Tcf3-mediated transcriptional repression of Esrrb (Martello et al.,
2012). Notably, because Esrrb overexpression could replace
CHIR99021 under 2i conditions, this finding demonstrates the
importance of Esrrb, which is downstream of Gsk3/Tcf3 inhibi-
tion in ground state pluripotency.
In contrast to the Gsk3/Tcf3 pathway, the exact mechanism
by which Mek/Erk signaling inhibition affects ground state
pluripotency is less clear. Here, by analyzing the change in pro-
tein expression of Kru¨ppel-like factor 2 (Klf2), Klf4, and Klf5
under LIF/Serum and 2i, we found that Mek/Erk stimulation
leads to the phosphodependent degradation of Klf2 protein.
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Figure 1. Active Mek/Erk Signaling Nega-
tively Regulates Klf2 Protein in a Posttrans-
lational Manner
(A) Oct4 and Nanog mRNA changes in mESCs
under LIF/Serum or 2i. Data are the averages
of biological triplicates ± standard error of the
mean (SEM).
(B) Klf mRNA changes in mESCs under LIF/
Serum or 2i. Data are the averages of biological
triplicates ± SEM.
(C) Western blot of key mESC factors in mESCs
under LIF/Serum or 2i. Arrow demarcates the Klf4
protein band.
(D) Klf protein level changes in mESCs after 30 min
of 2i exposure.
(E) Klf gene expression changes in mESCs after
30 min of 2i exposure. Data are the averages of
biological triplicates ± SEM.
(F) Effect of 2 hr treatment using PD0325901 (PD),
CHIR99021 (CH), or PD0325901 + CHIR99021
(PD/CH) upon Klf protein levels in LIF/Serum
mESCs.
(G) Time course of Klf protein changes in mESCs
treated with 100 nM CalA.
(H) Klf protein changes in LIF/Serum mESCs
treated with various concentrations of MG132
for 1 hr.
Cell Stem Cell
Klf2 Is Essential for Ground State PluripotencyConsequently, the addition of Mek inhibitor PD0325901 halts
Mek/Erk-induced Klf2 protein degradation and sustains elevated
Klf2 protein levels. Importantly, we also demonstrate that Klf2 is
an essential factor during ground state conditions as Klf2-null
mESCs undergo cell death under 2i. Together with the report
that Gsk3 inhibition acts to alleviate Tcf3-mediated repression
of Esrrb (Martello et al., 2012), our study reveals that Mek/Erk
inhibition sustains mESCs through Klf2 protein stabilization,
thus completing the model for how 2i supports ground state
pluripotency.
RESULTS
Klf2 Is Negatively Regulated by Mek/Erk Signaling
We have previously shown that mESCs cultured under LIF/
Serum conditions require the collective presence of Klf2, Klf4,
and Klf5 to sustain self-renewal (Jiang et al., 2008). Therefore,
we were interested to know if this triple redundancy exists
during ground state pluripotency. At the transcriptional level,
we found that LIF/Serum and 2i-cultured mESCs exhibit com-
parable Oct4 and Nanog expression (Figure 1A). In addition,
2i-cultured mESCs expressed low levels of Klf4 and Klf5 andCell Stem Cell 14, 864–showed a marginal 2-fold upregulation
of Klf2 expression (Figure 1B). The
change in Klf4 and Klf5 expression is
expected because LIF is not present
under 2i conditions to induce Klf4 and
Klf5 expression (Hall et al., 2009; Niwa
et al., 2009). However, 2i appears to
have a modest positive effect on Klf2
expression compared to LIF/Serum
conditions (Greber et al., 2010).We next probed into the protein level changes of these three
Klfs in ground state mESCs and found that, correlating with
transcriptional data, Klf4 and Klf5 protein levels were reduced
under 2i (Figure 1C). However, unlike the marginal upregulation
of Klf2 transcript (Figure 1B), we found a striking increase
in Klf2 protein following 2i culture (Figure 1C). Because this
increase in Klf2 protein levels under 2i is unlikely to be fully
accounted for by the 2-fold upregulation of Klf2 mRNA (Fig-
ure 1B), we hence hypothesized that Klf2 protein may be
posttranslationally regulated. In support of this hypothesis, we
found the increase of Klf2 protein under 2i to be rapid and detect-
able within 30 min of switching from LIF/Serum (Figure 1D).
Importantly, because Klf2 transcript was only increased slightly
within this timeframe despite the substantial increase of Klf2 pro-
tein levels (Figure 1E), our data strongly implicate a posttransla-
tional regulation of Klf2 under 2i. We did not however observe
any changes to Klf4 and Klf5 protein or mRNA during this
30 min period (Figures 1D and 1E), suggesting that the decrease
of Klf4 and Klf5 during ground state pluripotency (Figure 1C) is
regulated at the transcriptional level.
2i culture contains the inhibitors PD0325901 and CHIR99021,
whichblock theactivity ofMekandGsk3, respectively. Therefore,872, June 5, 2014 ª2014 Elsevier Inc. 865
Cell Stem Cell
Klf2 Is Essential for Ground State Pluripotencyto determine which of these inhibitors is responsible for the
increase in Klf2 protein, we added the inhibitors alone or in com-
bination to mESCs cultured in LIF/Serum for 2 hr before protein
extraction. We found that the Mek inhibitor PD0325901 alone
was sufficient to elevate the Klf2 protein level to that observed
in 2i (Figure 1F). Gsk3 inhibition with CHIR99021, however, did
not result in any increase in Klf2 protein level (Figure 1F). Similar
to the data presented in Figures 1D and 1E, Klf4 and Klf5
protein levels are refractory toward either Mek or Gsk3 signaling
inhibition in this experiment (Figure 1F).
Because Klf2 protein appears to be negatively regulated by
Mek signaling, we next examined the effect of hyperphos-
phorylation on Klf proteins. Using Calyculin A (CalA) to inhibit
serine/threonine protein phosphatases, we found a rapid loss of
Klf2 protein within 30 min, but we did not find this loss for Klf4
and Klf5 protein (Figure 1G). This data suggest that any putative
phosphorylation onKlf2 byMek signaling could lead to the degra-
dation of Klf2 protein. Indeed, blockade of proteosome activity
by MG132 in LIF/Serum cultured mESCs was found to halt Klf2
protein degradation, leading to elevatedKlf2 protein levels similar
to that resulting from treatment with Mek inhibitor (Figure 1H).
Taken together, these results demonstrate that active Mek
signaling destabilizes Klf2 protein. By inhibiting Mek with
PD0325901, this phosphodependent degradation of Klf2 is
relieved, resulting in Klf2 protein accumulation under ground
state conditions.
Klf2 Directly Interacts with and Is Phosphorylated
by Erk2
To establish that Klf2 is phosphorylated, we immunoprecipitated
(IP) Klf2 frommESC lysates and found the presence of phospho-
serine/threonine-specific residues on Klf2 (Figure 2A). Further-
more, while comparable levels of Klf2 IP were obtained among
the different mESC samples, we could only observe a strong
loss of phospho-Klf2 signal following PD0325901 treatment
(Figure 2A). This demonstrates that Klf2 serine/threonine phos-
phorylation is regulated via a Mek signaling mechanism.
Because the downstream targets of Mek are the serine/
threonine kinases Erk1/2 (Roberts and Der, 2007), and because
previous phosphoproteomic studies in mESCs have identified
phosphoresidues at several Erk consensus phosphorylation
P-X-S/T-P motifs in Klf2 protein (Li et al., 2011; Pines et al.,
2011) (Figure 2B), we hence hypothesize that Klf2 may be phos-
phorylated by Erk.
Given that mESCs predominantly express Erk2 (Kunath et al.,
2007), we investigated a potential interaction between Klf2 and
Erk2. As an initial trial using HEK293T cells, we found that Klf2
and Erk2 were indeed able to bind with each other. Specifically,
we observed that exogenous HA-tagged Klf2 protein could be
coimmunoprecipitated (co-IP)with endogenousErk2 (Figure 2C).
Likewise, the reciprocal pulldown of exogenous HA-tagged
Klf2 could result in the co-IP of coexpressed Flag-tagged Erk2
or endogenous Erk2 (Figures S1A and S1B available online).
To further validate the Klf2-Erk2 interaction in mESCs, we
employed the proximity ligation assay (PLA) (So¨derberg et al.,
2006) to detect for in situ endogenous Klf2-Erk2 association.
In principle, PLA functions by exploiting the close proximity
of protein-protein interactions to link their respective cognate
antibodies and generate a fluorescence signal. Following PLA,866 Cell Stem Cell 14, 864–872, June 5, 2014 ª2014 Elsevier Inc.we found numerous Klf2-Erk2 binding signals in mESCs, but not
when either a-Klf2 or a-Erk2 antibodies were absent (Figure 2D).
This indicates that the observed Klf2-Erk2 PLA signals are
specific and that the Klf2 and Erk2 protein colocalize with each
other.
Lastly, we performed an in vitro kinase assay using [g-32P]-
ATP and found that activated recombinant Erk2 could specif-
ically phosphorylate GST-tagged recombinant Klf2, but not
the negative control GST protein (Figure 2E). Therefore, in the
context of our previous data, which support a Klf2-Erk2 inter-
action (Figures 2A–2D), the phosphorylation of recombinant
GST-Klf2 by active Erk2 clearly demonstrates a direct and func-
tional Klf2-Erk2 relationship.
Klf2 Is Critical for mESCs Cultured under Ground
State Conditions
Because mESCs cultured under 2i express a high level of Klf2
with a reduced level of Klf4 and Klf5 protein (Figure 1C), we
hypothesized that Klf2, rather than Klf4 or Klf5, is important for
ground state pluripotency. To examine the role of Klf2 during
ground state conditions, we sought to generate Klf2 knockout
mESCs. This was done by replacing a genomic segment
covering exon 2 and 3 of the Klf2 gene with an IRES-LacZ
reporter and Neo-selection cassette (Figures S2A–S2C). This
targeting strategy generates a Klf2-null allele. Subsequently,
single-allele targeted Klf2-heterozygous (Klf2-Het) mESCs
were used to generate germ-line-transmitting chimeras, and
the eventual Klf2-Het transgenic mice were used for breeding.
In agreementwithprevious studies (Kuoet al., 1997;Wani et al.,
1998), ourKlf2 knockoutmice were all embryonic lethal due to in-
traembryonic hemorrhaging (Figures S2D and S2E). Additionally,
because Klf2 is expressed during the development of the embry-
onic vasculature (Kuo et al., 1997), we also found strong LacZ
signal in the blood vessels of Klf2-null embryos (Figure S2F).
Therefore, our corroborating in vivo data with the literature vali-
dates the specificity and phenotype of our Klf2 gene targeting.
Because Klf2-null mice are embryonic lethal, Klf2-null blasto-
cysts have to be isolated via the mating of Klf2-Het parents.
Using LIFwith knockout serum (KSR), we successfully generated
19 mESC lines. Among these obtained were 5 Klf2 wild-type
(Klf2-WT), 11 Klf2-Het and 3 Klf2-null mESC lines (Figures S2G
and S2H). This observed genotype ratio is consistent with the ex-
pected 1:2:1Mendalian ratio following aKlf2-Hetmating scheme
(Figures S2G andS2H). Importantly, our derivedKlf2-null mESCs
were found to be pluripotent: they exhibited positive alkaline
phosphatase (AP) staining, expression of key mESC genes and
proteins except Klf2, an ability to form teratomas, and a contribu-
tion toward mouse chimeras (Figures 3A–3E and Figure S2I).
Because feeder cells secrete factors that interfere with sig-
naling pathway studies, we adapted the Klf2-null mESCs onto
gelatin surfaces. These feeder-free Klf2-null mESCs were AP
positive and retained an overall mESC gene expression signa-
ture (Figures 3F and 3G). PLAs of these Klf2-null mESCs using
antibodies against Erk2 and Klf2 were negative (Figure S2J),
demonstrating that our previously observed Klf2-Erk2 PLA
signals did not arise from nonspecific interactions (Figure 2D).
Importantly, although these feeder-free Klf2-null mESCs could
be cultured under LIF/Serum, we found that Klf2-null mESCs
cannot be maintained under 2i for more than three or four
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Figure 2. Klf2 Directly Interacts with and Is Phosphorylated by Erk2
(A) Detection of phospho-serine/thereonine residues from immunoprecipitated Klf2 in nontreated, 2 hr PD0325901 treated (1 mM) (PD03), or 30 min of CalA
(100 nM) treated mESCs.
(B) Motif analysis of mouse Klf2 protein sequence. Potential Erk or Gsk3 phosphorylation sites are marked in yellow or green, respectively.
(C) Co-IP of transfected HA-tagged Klf2 using endogenous Erk2 in 293T cells. WC, whole cell lysate.
(D) PLA and confocal imaging of LIF/Serum mESCs probed with both a-Klf2 and a-Erk2 antibodies. Negative control PLA experiments were done using single
a-Klf2 or a-Erk2 antibody only. Cell nuclei are stained with DAPI. Scale bar represents 10 mm.
(E) In vitro phosphorylation of recombinant GST-Klf2 by active Erk2 using [g-32P]-ATP.
See also Figure S1.
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Klf2 Is Essential for Ground State Pluripotencypassages (Figures 3H and 3I). This nonviability of Klf2-null
mESCs under 2i however can be rescued with exogenous LIF
(Figures 3H and 3I). Because these Klf2-null mESCs exhibited
elevated Annexin V and propidium iodide staining following
culture under 2i, we propose that Klf2-null mESCs undergo cell
death under ground state condition (Figure 3J).
To rescue the cell death phenotype under 2i, we stably overex-
pressed wild-type HA-tagged Klf2 in our Klf2-null mESCs using
piggybac vectors (Wang et al., 2008). Indeed, we found that
ectopicKlf2expressionwasable topreventKlf2-nullmESCdeath,
allowing the continuous culture ofKlf2-null mESCs under 2i for up
to 10 passages (Figure 3K). In addition, we also found that Klf2
overexpression was sufficient to replace PD0325901, enabling
the culture ofKlf2-null mESCs in CHIR99021 alone (1i) (Figure 3L).Because Klf2 protein is negatively regulated by Erk phos-
phorylation, we next generated various Klf2 serine/threonine
to alanine point mutations at predicted Erk phosphorylation
sites. This was to examine if Klf2 phosphomutants could
confer any positive growth effects on Klf2-null mESCs under
1i. Because we observed that the single-site mutants showed
modest or weak effect, we next proceeded to generate dou-
ble and quadruple Klf2 serine/threonine mutants. Notably,
these Klf2 double and quadruple mutants in 1i culture were
found to promote a 30% and 60% increase, respectively, in
Klf2-null mESC colony numbers (Figures S2K and S2L).
Therefore, taken together, our data demonstrate the essenti-
ality of Klf2 protein downstream of Mek/Erk signaling pathway
inhibition.Cell Stem Cell 14, 864–872, June 5, 2014 ª2014 Elsevier Inc. 867
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Figure 3. Klf2-null mESCs Fail to Self-Renew in Ground State Conditions
(A) AP staining of Klf2-WT and Klf2-null mESCs in LIF/Serum on feeder. Scale bar represents 100 mm.
(B) Reverse transcription PCR of key mESC genes from Klf2-WT and Klf2-null mESCs in LIF/Serum on feeder.
(C) Western blot for Klf2-WT and Klf2-null mESCs in LIF/Serum on feeder. Arrow demarcates the Klf4 protein band.
(D) Teratoma sections generated from feeder-grown LIF/Serum Klf2-null mESCs.
(E) Generation of Klf2-null chimeric mouse using feeder-grown LIF/Serum Klf2-null mESCs.
(legend continued on next page)
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Klf2 Is Essential for Ground State PluripotencyGiven this necessity for Klf2 for 2i-cultured mESCs, we exam-
ined if the absence of Klf2 is detrimental toward establishing
mESCs from blastocysts under 2i conditions. Starting from 85
blastocysts obtained through Klf2-Het crosses, we eventually
derived 41 mESC lines under 2i with feeder conditions. Among
these, we genotyped 20 Klf2-WT, 20 Klf2-Het, and a single
Klf2-null mESC line (Figure 3M). This abnormally skewedKlf2 ge-
notype frequency using the 2i derivation method far deviates
from the 1:2:1 expected ratio from a standard Het3 Het mating.
Because 2i culture has been extremely effective in deriving
mESCs from recalcitrant mouse strains (Blair et al., 2011), our
severe inefficiency in generating Klf2-null and Klf2-Het mESCs
under 2i emphasizes again this critical necessity for Klf2 in
ground state pluripotency.
Klf2-null mESCs under 2i Exhibit Aberrant Primordial-
Germ-Cell-Associated Gene Expression
Although 2i-cultured Klf2-null mESCs undergo cell death around
2i passage 3 (Figures 3I and 3J), expression levels of key plurip-
otency genes were still fairly consistent albeit with elevated
Klf4, Klf5, andNanog levels (Figures S3A and S3B). To determine
the cause of Klf2-null mESC death under 2i, we performed
microarray gene expression profiling of Klf2-WT and Klf2-null
mESCs at 2i passage 3. Although gene ontology (GO) analysis
of transcriptional changes between Klf2-WT and Klf2-null
mESCs only revealed enrichment of terms related to metabolic
and cellular processes (Figure S3C), closer inspection into the
list of gene changes revealed elevated levels of primordial
germ cell (PGC) genes such as Dppa3, c-Kit, Tcfap2c, Dnd1,
Ifitm1, and Prdm1 (Figures S3D and S3E). Because Klf2 is known
to synergize with the PGC factor Prdm14 to convert EpiSCs into
naive pluripotency (Gillich et al., 2012), and because Klf2 expres-
sion is associated with PGC development (Kurimoto et al., 2008),
we next examined the relationship of Klf2 with PGC gene regula-
tion during ground state pluripotency.
In Klf2-null mESCs, we observed that elevated PGC gene
expression could be detectable during the early transition phase
from LIF/Serum into 2i passage 1 (Figure 4A). However, unlike
2i-cultured Klf2-WT mESCs, which gradually downregulate
PGC gene expression relative to the starting LIF/Serum PGC
transcript levels (Figure 4B), we noticed that Klf2-null mESCs
maintained a sustained PGC gene expression despite contin-
uous 2i culture (Figure 4B). This lead us to hypothesize that
without Klf2, ground state mESCs could be potentially defective
in their ability to properly suppress PGC gene expression.
To examine whether Klf2 may be involved in regulating these
PGC genes, we next conducted Klf2 ChIP-seq for LIF/Serum
and 2i cultured mESCs. Indeed, Klf2 binding was detected at(F) AP staining of feeder-free adapted Klf2-WT and Klf2-null in LIF/Serum. Scale
(G) LIF/Serum gene expression profiling of feeder-free Klf2-WT and Klf2-null mE
(H) Bright-field image of feeder-free Klf2-WT and Klf2-null mESCs at passage 4
(I) Cumulative cell count of feeder-free Klf2-WT and Klf2-null mESCs under LIF/S
(J) Annexin V and propidium iodide FACS analysis of Klf2-WT and Klf2-null mES
(K) Bright-field image of Klf2-null mESCs transfected with piggybac (PB) vectors c
the indicated number of passages. Scale bar represents 200 mm.
(L) Bright-field image of Klf2-null mESCs transfected with PB-GFP or wild-type
number of passages. Scale bar represents 200 mm.
(M) Table summarizing the genotypes of 2i/feeder-derived Klf2 mESC lines isola
See also Figure S2.the promoters of key PGC genes such as Prdm1, Tcfap2c, and
c-Kit in both LIF/Serum and 2i conditions (Figure 4C). This sug-
gests that Klf2 may play a possible regulatory role at these PGC
genes. Notably, because we observed a concurrent decrease
in Klf4 binding at Prdm1, Tcfap2c, and c-Kit promoters following
2i culture (Figure S3F), it is probable that it is Klf2 rather than Klf4
that plays a role to suppress PGC gene expression under 2i.
Hence in the context of Klf2-null mESCs, the loss of Klf2
without the additional support from LIF-induced Klf4 results in
aberrant PGC gene transcription and potential differentiation
into PGC-like lineages. However, due to the restrictive nature
of 2i culture for the pluripotent ground state, any differentiating
Klf2-null mESCs would not be able to survive. This may account
for our observed cell death phenotype of Klf2-null mESCs under
2i (Figure 3J).
DISCUSSION
In light of our findings, we propose a model for the regulation of
Klf2 by Mek/Erk signaling under conventional LIF/Serum condi-
tion or 2i-induced ground state (Figure 4D). Under LIF/Serum
condition, both the Fgf/Mek/Erk and LIF signaling pathways in
mESCs are active. Although active Fgf-signaling is antagonistic
toward Klf2 protein stability, not all Klf2 protein is degraded.
As such, some Klf2 protein may continue to function with the
LIF-induced Klf4/Klf5 to exert a triple-redundancy effect in
mESCs (Jiang et al., 2008). However, during 2i-induced ground
state, because of the absence of LIF, the level of Klf4/Klf5 protein
is inadequate to sustain mESCs. Under this condition, inhibition
of Mek signaling is necessary to prevent Mek/Erk phosphode-
pendent protein degradation of Klf2, which leads to an elevated
Klf2 protein level to sustain the self-renewal of mESCs.
Despite the reported functional redundancy of Klf2/Klf4/Klf5
in LIF/Serum mESCs, not all Klf proteins exhibit equal potency.
During somatic cell reprogramming, Klf2 is a more efficient
reprogramming factor than Klf1, Klf4, or Klf5 (Feng et al., 2009;
Nakagawa et al., 2008). Similarly, Prdm14, when synergized
with Klf2, could rapidly drive EpiSCs into mESCs conversion,
but not so for Klf4 or Klf5 (Gillich et al., 2012). It therefore appears
that among the Klf proteins in mESCs, Klf2 exhibits the strongest
effect in promoting mESC pluripotency.
Because Klf2-null mESCs cannot properly downregulate PGC
gene expression and would eventually die under 2i culture, the
binding of Klf2 at key PGC genes suggests a possible function
of Klf2 to properly regulate PGC expression during ground state
pluripotency. However, the mechanism of this hypothesized Klf2
repression at PGC gene loci is unclear, and may possibly involve
recruiting of Polycomb group proteins for gene repression. Webar represents 100 mm.
SCs. Data are the averages of biological triplicates ± SEM.
under LIF/Serum, 2i, or 2i+LIF. Scale bar represents 200 mm.
erum, 2i, or 2i+LIF. Data are the averages of biological triplicates ± SEM.
Cs cultured in 2i from passage 1, 2, and 3.
ontaining GFP or wildtype 3HA-tagged Klf2. mESCs were cultured under 2i for
PB-3HA-Klf2 plasmids cultured under CHIR99021 only (CH) for the indicated
ted from blastocysts obtained through Klf2-Het parent crosses.
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Figure 4. Klf2-null mESCs Exhibit Aberrant PGC Lineage Priming under 2i
(A) Microarray heat-map of PGCgenes of feeder-freeKlf2-WT andKlf2-null mESCs cultured in LIF/Serum, 2i passage 1 (P1), and 2i passage 2 (P2). Red and green
boxes denote increased or decreased gene expression, respectively.
(B) Relative gene expression changes of PGC genes in feeder-free Klf2-WT and Klf2-null mESCs in LIF/Serum, 2i (P1), and 2i (P2). Data are the averages of
biological triplicates ± SEM.
(C) Klf2 ChIP-seq peaks at key PGC promoters in mESCs cultured under LIF/Serum or 2i passage 3 (P3).
(D) Model of Klf2 protein regulation by active Mek/Erk signaling pathway under conventional LIF/Serum culture condition or 2i-induced ground state.
See also Figure S3.
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be a PGC-associated factor (Kurimoto et al., 2008), mESCs
and PGCs are two separate cell types, each with their unique
developmental potential and transcriptional networks. It would
be premature to conclude whether the role of Klf2 to suppress
PGC genes during ground state pluripotency is similar to how
Klf2 affects in vivo PGC development.
While 2i ground state mESCs are said to resemble the in vivo
preimplantation ICM, our inability to culture or efficiently derive
Klf2-null mESCs under 2i appears to produce a discrepancy.
This is because Klf2-null embryos can develop past the ICM
stage until E12.5–E14.5 (Kuo et al., 1997; Wani et al., 1998) (Fig-
ures S2D andS2F). To address this issue, we propose two expla-
nations. First, while pluripotent mESCs are derived from the ICM,
the actual duration for which the ICM exists in vivo is transient.
Any defects arising from the loss of Klf2 may not be able to
manifest within this timeframe. Second, the developing mouse
blastocyst is known to express LIF (Nichols et al., 1996), and
this endogenous LIF may compensate for the loss of Klf2 in vivo.
To conclude, we have uncovered Klf2 to be a critical factor
for mESC ground state pluripotency, and that the absence of
Klf2 is detrimental for mESC self-renewal under 2i conditions.
Importantly, our results reveal how Mek inhibition, acting to
stabilize Klf2 protein, is essential to establish and sustain
mESC ground state pluripotency. Together with the understand-
ing that Gsk3 inhibition relieves Tcf3-mediated Esrrb repression
(Martello et al., 2012), our finding provides an integrated model
of how dual inhibition of two major prodifferentiation pathways
in mESCs via transcriptional and protein level regulation can
maintain a pluripotent ground state (Figure 4D).
EXPERIMENTAL PROCEDURES
Cell Culture
Feeder-free E14 mESCs were cultured on 0.1% gelatin-coated plates at 37C
with 5% CO2 in Dulbecco’s modified Eagle medium (DMEM; GIBCO), supple-
mented with 15% heat-inactivated ESC-certified fetal bovine serum (FBS;
GIBCO), 0.055 mM b-mercaptoethanol (GIBCO), 2 mM L-glutamine, 0.1 mM
MEM nonessential amino acid, 20 mg/ml gentamicin (GIBCO), and 1,000
units/ml of LIF (Chemicon). mESCs were passaged at a ratio of 1:6 every
2 days. Klf2-transgenic mESC lines were cultured on 0.1% gelatin or mito-
mycin-C treated CD1 MEF feeder cells in similar mESC cell culture media
and passaged at a 1:6 ratio every 2 days.
For chemically defined 2i conditions, mESCs were cultured either on CD1
MEF feeder cells or on 0.1% coated gelatin plates using serum-free N2B27
media supplementedwithMek inhibitor PD0325901 (1 mM) andGsk3b inhibitor
CHIR99021 (3 mM) (Stemgent) as previously described (Ying et al., 2008). 2i
mESCs were passaged with Accutase (Chemicon) at a 1:6 ratio every 2 days.
CD1MEFs were isolated from E13.5 CD1mouse embryos by dissociation in
0.25% trypsin at 37C for 10 min and cultured in 10% FBS-DMEM, supple-
mented with 2 mM L-glutamine, 0.055 mM b-mercaptoethanol (GIBCO),
and 20 mg/ml of gentamicin (GIBCO). HEK293T cells were cultured in similar
10% FBS-DMEM media.
Generation of Klf2-LacZ Reporter Mice
The scheme to target the Klf2 locus is as summarized in Figure S2A. V6.4
mESCs were electroporated with a linearized targeting vector consisting
of FRT-En2SA-IRES-LacZ-loxP-bactinP-Neo-FRT-loxP (KOMP Repository
Clone ID: DPGS00163_A_G03) and plated onto mitomycin-C treated CD1
feeder cells under G418 selection. After 10 days, G418-resistant colonies
were then isolated and expanded and genomic DNA was extracted for
genotyping by PCR and Southern blot. Two independent heterozygous
Klf2LacZ-Neo/+ mESCs lines were then microinjected into two- to eight-cellstage C56BL/6J embryos (Kraus et al., 2010) to generate germ-line-transmit-
ting chimeric mice. The resultant Klf2Lac-NeoZ/+mice were then bred and main-
tained on a mixed C57BL/6 and Sv129 genetic background.
Embryo Collection and mESC Derivation
All E3.5 blastocysts were flushed from mouse uteri using M2 media (Sigma)
and cultured individually in 24-well plates containing CD1 feeder cells. For
derivation of mESCs under LIF conditions, blastocysts were cultured as
previously described (Bryja et al., 2006). For 2i derivation of mESCs, isolated
blastocysts were cultured in N2B27 media supplemented with 2i as described
(Ying et al., 2008).
PLA
PLA experiments were performed in accordance with the manufacturer’s
protocol (Olink Biosciences, Sweden) using antibody pairs to probe for protein
interactions of interest. Mouse monoclonal anti-Erk2 (clone D2, sc-1647]
(1:100; Santa Cruz) was paired with rabbit polyclonal anti-Klf2 (1:100; purified
with proteinG column). Following the primary antibody incubation, a pair of sec-
ondaryproximity probes—Duolink in situPLAprobeanti-rabbitpluswithDuolink
in situ PLA probe anti-mouseminus (Olink Biosciences, Sweden)—were diluted
at a 1:5 ratio andmixed in antibody diluent buffer. Sections were then incubated
for 60min at 37C in a preheated humidified chamber. Duolink In Situ Detection
Reagents Orange kit (Olink Biosciences, Sweden) was used for the subsequent
assay. The sections were washed twice for 5 min with Duolink wash buffer
A (10mMTris-HCl [pH 7.4]; 150mMNaCl, and 0.05%Tween 20) and then incu-
bated 30 min with prepared hybridization ligation mix from the kit at 37C in a
preheated humidified chamber. Next, the sections were washed twice with
Duolink wash buffer A and incubated in the dark with prepared amplification-
detection mix from the kit for 100 min at 37C in the same chamber. After incu-
bation, sections were washed twice for 10 min with Duolink wash buffer B
(200 mM Tris-HCl [pH 7.4] and 100 mM NaCl) and 0.013 Duolink wash buffer
B for 2 min.
Sections were counterstained and mounted in Vectorshield mounting
media with DAPI (Vector Laboratories, USA). Negative controls were carried
out in the absence of the primary antibody. PLA images were taken using
the LSM 710 confocal microscope (Carl Zeiss, Germany) with the Plan-Apo-
chromat 633/1.4 oil differential interference contrast objective. Analyses
were performed with the ZEN 2012 Light Edition software (Carl Zeiss,
Germany).
Cell Apoptosis Detection
Cells were collected by trypsinization and washed with PBS. To detect early
and late apoptotic cells, Annexin V Apoptosis detection kit (Santa Cruz) was
used. Briefly, 1 3 105 cells were mixed and incubated for 15 min at room
temperature in the dark with 10 mg/ml Annexin V FITC and 5 mg/ml propidium
iodide. Stained cells were analyzed by BD LSRII (BD Biosciences) and
parameters were set consistent for all samples. For apoptosis detection,
compensation was set to eliminate the spillover of the FITC channel to the pro-
pidium iodide channel.
Microarray Analysis
RNA was extracted from feeder-free Klf2-WT and Klf2-null mESCsmaintained
in LIF/Serum culture, or during 2i passage 1, 2, or 3, using Trizol (Invitrogen).
RNA samples were then purified using standard isopropanol precipitation
techniques before DNase1 treatment. RNA was then purified again using
the PureLink RNA Mini Kit (Invitrogen), and 500 ng of total RNA was used for
cDNA amplification and biotin-tagging by the Illumina TotalPrep RNA amplifi-
cation kit. Amplified biotin-tagged cDNA was then used for hybridization
onto Illumina MouseWG-6 Expression BeadChip v2.0 according to the manu-
facturer’s instructions. Hybridized and Cy3-labeled microarray chips were
then scanned and the results were processed using BeadStudio and Sig-
nificance analysis of Microarrays (SAM).
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